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Whole-cell assays were implemented to search for efflux pump inhibitors (EPIs) of the three multidrug
resistance efflux pumps (MexAB-OprM, MexCD-OprJ, MexEF-OprN) that contribute to fluoroquinolone
resistance in clinical isolates of Pseudomonas aeruginosa. Secondary assays were developed to identify lead
compounds with exquisite activities as inhibitors. A broad-spectrum EPI which is active against all three
known Mex efflux pumps from P. aeruginosa and their close Escherichia coli efflux pump homolog (AcrAB-TolC)
was discovered. When this compound, MC-207,110, was used, the intrinsic resistance of P. aeruginosa to
fluoroquinolones was decreased significantly (eightfold for levofloxacin). Acquired resistance due to the
overexpression of efflux pumps was also decreased (32- to 64-fold reduction in the MIC of levofloxacin).
Similarly, 32- to 64-fold reductions in MICs in the presence of MC-207,110 were observed for strains with
overexpressed efflux pumps and various target mutations that confer resistance to levofloxacin (e.g., gyr4 and
parC). We also compared the frequencies of emergence of levofloxacin-resistant variants in the wild-type strain
at four times the MIC of levofloxacin (1 pg/ml) when it was used either alone or in combination with EPL. In
the case of levofloxacin alone, the frequency was ~10~7 CFU/ml. In contrast, with an EPI, the frequency was
below the level of detection (<10~'"). In summary, we have demonstrated that inhibition of efflux pumps (i)
decreased the level of intrinsic resistance significantly, (ii) reversed acquired resistance, and (iii) resulted in
a decreased frequency of emergence of P. aeruginosa strains that are highly resistant to fluoroquinolones.

Active efflux of toxic compounds out of cells is a general
mechanism that bacteria have developed to protect themselves
against the adverse effects of their environments. Antibiotics
that are used in clinical settings are among these toxic com-
pounds, and extrusion of antibiotics from bacterial cells signif-
icantly decreases their clinical utility. Antibiotics are expelled
from the cells by membrane transporter proteins, the so-called
drug-efflux pumps. Of particular interest are efflux pumps ca-
pable of extruding out of the cell a large variety of structurally
unrelated compounds with different antibacterial modes of
action (13, 15, 30-32). Most of the genes encoding these mul-
tidrug resistance (MDR) pumps are normal constituents of
bacterial chromosomes. Some of these genes have a relatively
high level of constitutive expression and confer so-called in-
trinsic resistance to antibiotics. Expression of other genes that
confer an efflux capability is not detected in wild-type cells, but
such genes can become expressed after the acquisition of reg-
ulatory mutations.

In gram-negative bacteria, most of the efflux pumps that
contribute to both intrinsic and acquired resistance to clinically
useful antibiotics are three-component structures that traverse
both inner membranes and outer membranes. Each tripartite
pump contains a transporter located in the cytoplasmic mem-
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brane, an outer membrane channel, and a periplasmic linker
protein, which is thought to bring the other two components
into contact (54, 55). This structural organization allows extru-
sion of substrates directly into the external medium, bypassing
the periplasm. Direct efflux as a mechanism of drug extrusion
is required since these rather slow tripartite MDR pumps (46)
rely heavily on the help of the outer membrane, which serves as
a permeability barrier for both hydrophobic and hydrophilic
antibiotics (33).

Several classes of MDR pumps have been identified on the
basis of sequence comparisons (42). Most of the inner mem-
brane components of clinically relevant tripartite efflux pumps
from gram-negative bacteria belong to a single class of trans-
porters called resistance-nodulation-division (RND) efflux
pumps (5).

Pseudomonas aeruginosa is an important opportunistic
pathogen which is highly resistant to antibiotic therapy. Fluo-
roquinolones, B-lactams, and aminoglycosides are among the
primary agents available for treatment of infections caused by
this pathogen. Four multicomponent MDR RND efflux pumps
have been identified in P. aeruginosa, namely, MexAB-OprM
(39), MexCD-Opr1J (38), MexEF-OprN (12), and MexXY-
OprM (1). These pumps have somewhat overlapping spectra of
antibiotic substrates. For example, all four pumps confer var-
ious degrees of resistance to fluoroquinolones, and mutants
that overexpress three of these pumps have been isolated
among fluoroquinolone-resistant bacteria in clinical settings:
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nalB mutants that overproduce the MexAB-OprM pump (3),
nfxB mutants that overproduce MexCD-OprJ (53), and nfxC
mutants that overproduce the MexEF-OprN efflux pump (6).
So far, overexpression of MexXY-OprM has not been reported
as a cause of fluoroquinolone resistance in P. aeruginosa; how-
ever, this pump has recently been implicated in low-level re-
sistance to aminoglycosides (1, 50). Of these four pumps, only
MexAB-OprM is expressed at a level sufficient to confer in-
trinsic MDR in wild-type cells. Deletion of the mexA, mexB, or
oprM gene renders P. aeruginosa more susceptible to multiple
antibiotics, including fluoroquinolones (8, 39, 51). Importantly,
overexpression of the MexCD-OprJ or the MexEF-OprN ef-
flux pumps restores resistance to fluoroquinolones in strains
lacking the MexAB-OprM efflux pump (9, 14, 18).

Besides efflux, resistance to fluoroquinolones is also con-
ferred by target mutations. These mutations mainly occur in
quinolone resistance-determining regions (QRDRs) (11, 36,
52) in DNA gyrase (encoded by gyr4 and gyrB) and topoisom-
erase IV (encoded by parC and parE) in many organisms in-
cluding P. aeruginosa (26). Importantly, it has been demon-
strated recently in P. aeruginosa (18) and Escherichia coli (35)
that when both target-based and efflux-mediated resistance
mechanisms are present in the same cell, they contribute in-
dependently to fluoroquinolone resistance. As a result, dele-
tion of the MexAB-OprM efflux pump from a strain in which
this pump is overexpressed resulted in a 64-fold reduction in
the MIC of levofloxacin, regardless of the presence of addi-
tional resistance mechanisms. It was also demonstrated that
deletion of all described pumps significantly reduces the fre-
quency of emergence of fluoroquinolone-resistant mutant
strains (18).

On the basis of these genetic data, it appears that inhibition
of efflux pumps in P. aeruginosa may significantly improve the
clinical performance of fluoroquinolones. Inhibition of efflux
pumps is expected to (i) decrease the level of intrinsic resis-
tance, (ii) significantly reverse acquired resistance, and (iii)
decrease the frequency of emergence of P. aeruginosa mutants
highly resistant to fluoroquinolones.

The same considerations can also be applied to gram-posi-
tive bacteria. Indeed, when reserpine (which was long ago
identified as an inhibitor of the mammalian MDR pump, P-
glycoprotein, and which was later found to inhibit MDRs from
gram-positive bacteria) was added to the selection media, it
suppressed the emergence of Staphylococcus aureus and Strep-
tococcus pneumonia mutants resistant to ciprofloxacin (19, 20).
Recently, several new inhibitors of the NorA pump from S.
aureus which potentiated the activity of ciprofloxacin against
both wild-type and NorA-overexpressing strains have been re-
ported (21). These compounds decreased the MICs of cipro-
floxacin up to fourfold (at concentrations ranging from 0.2 to
1.5 pg/ml) for strains of S. aureus overexpressing the NorA
pump. Some of these compounds also inhibited efflux-medi-
ated resistance in S. pneumoniae. Importantly, all compounds
dramatically suppressed the frequency of emergence of cipro-
floxacin-resistant strains when selection was performed with 1
pg of ciprofloxacin per ml (21).

The potential benefits of broad-spectrum efflux pump inhib-
itors (EPIs) prompted us to screen our synthetic compound
and natural product libraries to search for inhibitors of the
Mex pumps from P. aeruginosa. Recently, we have described
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one such inhibitor, MC-207,110, and presented a description of
a portion of our efforts to optimize the biological and physio-
chemical properties of this lead compound (41). Here we
present an additional characterization of MC-207,110: evi-
dence of its mode of action as an inhibitor of efflux pump
activity, its potentiating effect of the activity of levofloxacin
against both laboratory strains with multiple target mutations
and recent clinical isolates of P. aeruginosa, and its ability to
decrease the emergence of P. aeruginosa strains with clinically
relevant resistance to levofloxacin.

MATERIALS AND METHODS

Bacterial strains and media. The laboratory bacterial strains used in this study
are listed in Table 1. Bacterial cells were grown in L broth (1% [wt/vol] tryptone,
0.5% [wt/vol] yeast extract, 0.5% [wt/vol] NaCl) or L agar (L broth plus 1.5%
agar) at 37°C. Clinical isolates of P. aeruginosa were collected from the United
States, Canada, England, and France between 1995 and 1998. Levofloxacin was
synthesized at Daiichi Pharmaceutical Co., Ltd. (Tokyo, Japan). Nitrocefin was
purchased from Calbiochem-Behring (La Jolla, Calif.). All other antibiotics as
well as N-phenylnaphthylamine (NPN) and polymyxin B nonapeptide (PMBN)
were purchased from Sigma Chemical Co. (St. Louis, Mo). MC-207,110 was from
the synthetic compound library of Microcide Pharmaceuticals, Inc. MC-002,595,
which is a close analog of MC-207,110, and MC-005,556 (alanine B-naphthylam-
ide [Ala-Nap]) were synthesized at Microcide Pharmaceuticals, Inc.

Construction of P. aeruginosa strains overexpressing a single Mex pump. The
mutants overexpressing each of the three Mex pumps individually (MexAB-
OprM, MexCD-OprJ, or MexEF-OprN) were selected on L-agar plates contain-
ing levofloxacin at 1 pg/ml from strains lacking the two other pumps. The
frequency of resistance was determined as the ratio of the number of CFU per
milliliter appearing after overnight incubation on antibiotic-containing L-broth
or L-agar plates versus the number of CFU per milliliter appearing after over-
night incubation on antibiotic-free L-broth or L-agar plates.

MICs. MIC determinations were carried out in 96-well microtiter plates by a
twofold standard broth microdilution method (27) in Muller-Hinton broth
(Difco) either with or without fixed concentrations of MC-207,110. The inocula
in all experiments were 10* to 10° cells/ml.

Checkerboard titration assays. Interactions between levofloxacin and MC-
207,110 were assessed by a checkerboard titration assay. Levofloxacin was tested
at 11 concentrations (0.008 to 8 wg/ml), while MC-207,110 was tested at 7
concentrations (0.06 to 40 pg/ml). Levofloxacin was dispensed alone in the first
row and was combined with MC-207,110 in the remaining rows. MC-207,110 was
also dispensed alone in the first column. Drug interactions were classified as
synergistic if the fractional inhibitory concentration (FIC) index was <0.5. The
FIC index is the sum of the FIC of each of the drugs, which in turn is defined as
the MIC of each drug when used in combination divided by the MIC of the drug
when used alone.

MC-005,556 (Ala-Nap) uptake assay. Ala-Nap, which is not fluorescent in
solution, is cleaved enzymatically inside the cells to produce highly fluorescent
B-naphthylamine. The more Ala-Nap that enters the cells, the more fluorescence
that is produced. Importantly, Ala-Nap is a substrate of the Mex pumps from P.
aeruginosa as well as the AcrAB-TolC pump from E. coli (see Results). To assess
the uptake of Ala-Nap, cultures of P. aeruginosa were grown to an optical density
at 600 nm (ODg) of ~1, washed, and resuspended in buffer at pH 7.0 contain-
ing K,HPO, (50 mM), MgSO, (1 mM), and glucose (0.4%) (buffer A). For
treatment with carbonyl cyanide m-chlorophenylhydrazone (CCCP), the cells
were resuspended in buffer A without glucose and mixed with 0.5 mM CCCP,
and the mixture was incubated for 15 min. After treatment, the cells were washed
with buffer A without glucose at least three times. Assays were performed in
96-well flat-bottom black plates (Applied Scientific or Costar) in a final volume
of 200 pl and were initiated by the addition of Ala-Nap to suspensions of intact
cells to a final concentration of 64 pg/ml. Fluorescence was measured on an
fMAX spectrofluorometer (Molecular Devices) with excitation of 320 nm and
emission of 460 nm. To measure the effects of the EPI or PMBN on the rate of
Ala-Nap uptake, the cells were preincubated with different concentrations of
these compounds prior to Ala-Nap addition.

NPN efflux assays. NPN is an uncharged lipophilic molecule which fluoresces
weakly in aqueous environments but which becomes strongly fluorescent in
nonpolar environments such as the lipid bilayers of biological membranes. NPN
is also a substrate of RND efflux pumps (34). Cultures of E. coli were grown in
L broth to an ODgy, of ~1, washed, and resuspended in buffer A without
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TABLE 1. Laboratory strains and plasmid used in this study

Strain or plasmid

Genotype or description?

Source or reference

P. aeruginosa

PAM1020 PAO1 prototroph 18
PAM1032 nalB (mexAB-oprM is overexpressed) 18
PAM1033 nfxB (mexCD-oprl is overexpressed) 18
PAM1034 nfxC (mexEF-oprN is overexpressed) 18
PAM2381 PAM1020/pAGH97 (mexXY) This study
PAM1154 oprM::QHg 18
PAM1561 AmexAB-oprM::Cm AmexCD-oprJ::Gm 18
PAM1753 nfxC AmexAB-oprM::Cm AmexCD-oprJ::Gm This study
PAM1624 AmexCD-oprJ::Gm AmexEF-oprN::Q2Hg 18
PAM1723 nalB AmexCD-opr]::Gm AmexEF-oprN::Q)Hg This study
PAM1625 AmexAB-oprM::Cm AmexEF-oprN::QHg 18
PAM1738 nfxB AmexAB-oprM::Cm AmexEF-oprN::Q0Hg This study
PAM1626 AmexAB-oprM::Cm AmexEF-oprN::QHg AmexCD-oprJ::Gm 18
PAM1548 grA (Thr83—lle) 18
PAM1573 nalB gyrA (Thr83—lIle) 18
PAM1491 nfxC gyrA (Asp87—Tyr) 18
PAM1582 nalB gyrA (Thr83—Ile) parC (Ser87—Leu) 18
PAM1609 nalB gyrA (Thr83—lle) parC (Ser87—Leu) gyrA (Asp87—Tyr) 18
PAM1667 grA (Thr83—lle) parC (Ser87—Leu) mexA-phoA::Tc 18
PAM1669 grA (Thr83—lle) parC (Ser87—Leu) gyrA (Asp87—Tyr) mexA-phoA::Tc 18
PAM1619 nalB gyrA (Thr83—lle) parC (Ser87—Leu) X* 18
PAM2005 nalB (B-lactamase is fully expressed) This study
PAM2035 mexA::Tc (B-lactamase is fully expressed) This study
E. coli
ATCC 25922 K12 prototroph Microcide collection
ECM1642 marR1642 14
ECM1668 marR1642 AacrAB::Km 14
Plasmid pAGH97 Ap; pAK1900 containing the mexXY operon 1

“ OHg, Hg resistance-determining derivative of interposon €; Cm, chloramphenicol resistance; Gm, gentamicin resistance; Tc, tetracycline resistance; Km, kanamycin

resistance; Ap, ampicillin resistance.
> Mutation is located outside of QRDRs of gyrA4 and parC.

glucose. Cells were treated with CCCP (100 M), washed, and then loaded with
NPN at 9 pM for 10 min. NPN efflux was initiated by the addition of glucose and
was recorded as the decay in fluorescence. Assays were performed in 96-well
spectrofluorometer cuvettes in a final volume of 200 pl. When stated, the EPI
was added to the cells together with glucose.

Nitrocefin uptake assay. Cells of P. aeruginosa (PAM2005 or PAM2035) with
constitutive expression of chromosomal B-lactamase were grown overnight in L
broth, harvested, washed in Mg?*-free buffer A, and resuspended in the same
buffer at an ODg, of ~0.5. To 100 pl of the cell suspension, 50 pl of either
PMBN or MC-207,110 was added to give a final concentration of 1 to 128 wg/ml.
Next, 50 ul of nitrocefin was added to give a final concentration of 32 wg/ml.
Hydrolysis of nitrocefin was monitored spectrophotometrically by measurement
of the increase in absorbance at 490 nm. Assays were performed in 96-well plates
in a SpectraMAX Plus spectrophotometer (Molecular Devices).

31P NMR assay. *'P nuclear magnetic resonance (NMR) measurements were
conducted to probe the intracellular pH of E. coli cells under different condi-
tions. Assignments of resonance were based upon previously published in vivo
NMR studies of E. coli (2, 48). A total of 1,000 ml of E. coli ATCC 25922 cells
was grown to the mid-logarithmic phase (ODg, ~1) in L broth. The cells were
harvested (centrifugation at 3,000 X g for 10 min at 4°C) and washed twice with
ice-cold phosphate-buffered saline buffer (pH 6.5). The cell pellet (7.5 ml) was
resuspended in an equal volume of the following buffer at pH 6.5: KH,PO, (2.5
mM), K,HPO, (2.5 mM), morpholineethanesulfonic acid (100 mM), and NaCl
(85 mM). The cells were kept on ice until needed (less than 2 h). Before use, the
cells were allowed to reach room temperature. One milliliter of cell suspension
was placed in a 5-mm NMR tube. The field was shimmed by using proton free
induction decays. A total of 20 pl of 50% glucose was added to the cell suspen-
sion. When stated, 20 pl of either 20 mM MC-207,110 or CCCP was added to
give a final concentration of 0.4 mM. 3'P NMR spectra were obtained at 161.88
MHz. Free induction decays were accumulated at 5-min intervals for 30 min.

RESULTS

Screening for EPIs and criteria for efflux pump inhibitory
mode of action of screening hits. To identify potential efflux
pump inhibitors, the growth inhibitory activity of synthetic
compounds and natural products extracts was assayed using
strains of P. aeruginosa overexpressing each of the three efflux
pumps: MexAB-OprM (PAM1032), MexCD-OprJ (PAM1033),
and MexEF-OprN (PAM1034) that were grown with and with-
out subinhibitory concentrations of levofloxacin (47). Com-
pounds or extracts that inhibited the growth of all three strains
only in the presence of levofloxacin were chosen for follow-up
assays to discriminate between compounds with false-positive
results and true broad-spectrum EPIs. To qualify as EPIs, hit
compounds had to satisfy several criteria: (i) must enhance the
activities of levofloxacin and other antibiotics that are effluxed
in strains containing functioning pumps, (ii) must not signifi-
cantly potentiate the activities of antibiotics in a strain that
lacks efflux pumps, (iii) must not potentiate the activities of
antibiotics that are not effluxed, (iv) must increase the level of
accumulation and decrease the level of extrusion of efflux
pump substrates, and (iv) must not affect the proton gradient
across the inner membrane. MC-207,110 (Fig. 1) was among
the first efflux pump inhibitors identified in our screening ef-
forts.
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FIG. 1. Efflux pump inhibitors used in this study.

MC-207,110 series satisfies microbiological criteria for
EPIs. To assess the interaction between levofloxacin and MC-
207,110, we performed standard checkerboard assays in which
the MICs of levofloxacin were determined in the presence of
different concentrations of MC-207,110 (Table 2). While MC-
207,110 itself was devoid of significant antibacterial activity
(MICs, 64 or >512 pg/ml for the strains lacking or overex-
pressing efflux pumps, respectively), it increased the suscepti-
bilities of the three pump-overexpressing mutants of P. aerugi-
nosa to levofloxacin 64-fold. MC-207,110 also potentiated the
activity of levofloxacin against strain PAM2391 containing
plasmid pAGHY7 (a gift from P. Plesiat) with the mexXY genes
and against wild-type strain PAM1020. The latter result was
expected since constitutive expression of the mexAB-oprM
operon contributes to the intrinsic resistance to levofloxacin in
this strain. Interactions between MC-207,110 and levofloxacin
were clearly synergistic for all the strains expressing efflux
pumps, with FIC indices ranging from 0.05 to 0.14. No synergy
was observed against strain PAM1626, which lacks all known
Mex pumps.

MC-207,110 also had an effect on susceptibilities to other
antibiotics that are substrates of efflux pumps (Table 3). In fact,
the effect of MC-207,110 on the susceptibility of MexAB-
OprM-overproducing strain PAM1032 to several antibiotics
was comparable to the effect of inactivation of this pump by
deleting oprM (PAM1154). Surprisingly, however, MC-207,110
did not potentiate the activities of all antibiotic substrates of
the MexAB-OprM efflux pump to the same extent: at the
concentration at which it completely reversed pump-mediated
resistance to levofloxacin or erythromycin, it had only a very
weak effect on susceptibility to carbenicillin and did not have
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TABLE 3. Comparison of effect of pump deletion with effect of the
EPI MC-207,110 on susceptibility to various antibiotics

MIC ratio

With or without MC-

Antibiotic Wg};f&"ggr}‘%‘jim%"gg 207,110 (20 pg/ml) for
and PAM1154 PAMI032  PAMI154
Levofloxacin 64 32 2
Chloramphenicol 512 128 2
Erythromycin 32 32 4
Sparfloxacin 32 128 4
Carbenicillin 512 4 2
Tetracycline 256 2
Ethidium bromide 32 1 2
Gentamicin 1 1 1
Imipenem 1 1 1

any effect on susceptibility to ethidium bromide. The MICs of
imipenem and gentamicin, which are not substrates of MexAB-
OprM, were not affected by MC-207,110, as would be expected
for an efflux pump inhibitor. Finally, this compound had little
to no potentiating activity against the strains that lack efflux
pumps (Tables 2 and 3). Thus, MC-207,110 generally satisfied
the microbiological criteria for the EPI mode of action.
MC-207,110 series increases levels of accumulation of efflux
pump substrates inside the cell. If MC-207,110 is an efflux
pump inhibitor it should increase the level of accumulation of
efflux pump substrates inside the cell. We (as well as others)
have not been able to demonstrate directly, using several hy-
drophobic fluorescent dyes, efflux by Mex pumps from P.
aeruginosa in membrane vesicles, probably due to the low lev-
els of activity of pumps that rely on the outer membrane.
Because of this, accumulation and efflux experiments had to be
performed with intact cells. The interpretations of these assays
could be complicated by the fact that both efflux pump inhib-
itors and permeabilizers of the outer membrane of P. aerugi-
nosa may have similar effects on the accumulation of at least
some test compounds (7, 16). To avoid such complications, we
sought to identify a compound with the following features: (i)
it is a substrate of efflux pumps, (ii) it is easily detected inside
the cell, and (iii) its permeation is not restricted by the outer
membrane in P. aeruginosa. If MC-207,110 increased the level

TABLE 2. Synergistic in vitro activity of MC-207,110 combined with levofloxacin against the wild-type strain of P. aeruginosa and the strains
overexpressing known efflux pumps

Levofloxacin MIC (ug/ml) in the presence of

MC-207,110
Strain Genotype MIC MC-207,110 at concn (pg/ml) of: Epu® ECs’ FICie
(ng/ml) 0 0625 125 25 5 10 20 40
PAM1020 Wild type >512 0.125 0.125 0.125 0.125 0.03 0.015 0.008 0.008 16 5 0.140
PAM1032 nalB >512 2 2 2 1 1 0.125 0.03 0.03 64 10 0.082
PAM1033  nfxB >512 2 2 2 2 0.5 0.125 0.06  0.03 64 10 0.082
PAM1034 nfxC >512 4 4 4 4 1 025 0.06 0.06 64 10 0.082
PAM2391 pMexXY >512 025 025 025 025 003 0008 0.008 0.008 32 5 0.052
PAM1626 AmexAB-oprM AmexCD-opr] 64 0.015 0.015 0.015 0.015 0.015 0.015 0.008 0.008 2 ND?  1.156
AmexEF-oprN
‘K ratio between the MIC without EPI and the MIC in the presence of a maximal potentiating concentration of EPI.

max»

> ECs, concentration of EPI at which a half potentiating effect is achieved.

¢ To calculate the FIC index for the wild type and the pump overexpressing strains, 513 pg/ml was used as the MIC of MC-207,110.

4 ND, not determined.
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FIG. 2. (A) A linear increase in fluorescence with time due to intracellular hydrolysis of MC-005,556 (Ala-Nap) is seen when Ala-Nap (32
wg/ml) is added to intact cells of P. aeruginosa. Open and filled triangles, cells of PAM1723 that overexpress MexAB-OprM and that were not
treated or treated with CCCP, respectively; open and filled circles, cells of PAM1626 (the pump deletion mutant) that were not treated or treated
with CCCP, respectively. Much less fluorescence is produced in the case of PAM1723 compared to the amount produced in the case of PAM1626,
apparently due to MexAB-OprM-mediated efflux of Ala-Nap. As a result of CCCP treatment, efflux is abolished and both cell types produce the
same amount of fluorescence. (B) The relationship between the change in fluorescence and the concentration of Ala-Nap for different cell types
was determined. The amount of fluorescence produced by intracellular Ala-Nap hydrolysis in 30 min versus the concentration of Ala-Nap used is
shown. Differential rates of uptake of Ala-Nap between cells overexpressing each of the three efflux pumps (MexAB-OprM [filled diamonds],
MexCD-Opr]J [filled triangles], MexEF-OprN [filled circles]) and the cells of PAM1626 (open circles) are seen over a wide range of Ala-Nap
concentrations. The linear increase in fluorescence in PAM1626 in the presence of up to 128 pg of externally added Ala-Nap per ml indicates that

the protease hydrolyzing Ala-Nap is not yet saturated at this concentration.

of accumulation of such a compound, it could be interpreted to
be a consequence only of inhibition of efflux.

MC-005,556 (Ala-Nap), synthesized at Microcide, satisfied
all criteria for such a test compound. Ala-Nap, which is not
fluorescent in solution, is cleaved enzymatically inside the cells
to produce the highly fluorescent compound B-naphthylamine.
The fluorescence of B-naphthylamine itself is not quenched by
the cells and is not affected by the presence or absence of efflux
pumps (data not shown). The rate of production of B-naphth-
ylamine (recorded as an increase in fluorescence) is limited by
the rate of entry of Ala-Nap into the cell: cell extracts prepared
from PAM1723 (overexpressing the MexAB-OprM) produced
B-naphthylamine at an approximately fivefold higher rate than
intact cells of the same strain (data not shown). The rate of
cleavage of Ala-Nap was much higher in PAM1626 than in
strains overexpressing an efflux pump, such as PAM1723. Im-
portantly, the cells of both strains (when treated with CCCP to
inhibit active efflux) cleaved Ala-Nap at the same rate (Fig.
2A). These data indicate that Ala-Nap is a substrate of the
MexAB-OprM efflux pump. (The observation of an increase in
the level of accumulation of Ala-Nap in the presence of CCCP
in the strain from which the pump was deleted does not nec-
essarily imply the presence of an additional pump in this strain.
Since Ala-Nap is a weak base with a pK, of 8.2, the abolish-
ment of the pH gradient across the membrane with CCCP
leads to the spontaneous influx of Ala-Nap into the cell.) In
analogous experiments it was demonstrated that Ala-Nap is
also a substrate of the MexCD-OprJ and the MexEF-OprN
pumps from P. aeruginosa (Fig. 2B) as well as the close ho-
molog from E. coli, the AcrAB-TolC pump (data not shown).
We then studied the uptake of Ala-Nap by PAM1723 cells in

the presence of various concentrations (1 to 128 pg/ml) of
PMBN, which is a polymyxin B derivative lacking the fatty acid
moiety of the parent compound. PMBN is a potent permeabi-
lizer of the outer membrane in P. aeruginosa (49). Assays were
performed both in the presence and in the absence of Mg?™,
which inhibits the activity of PMBN (37). In PAM1723 cells,
PMBN did not increase the rate of conversion (or uptake) of
Ala-Nap, even in Mg*"-free buffer (data not shown). The same
result was obtained with cells of PAM1626 lacking efflux
pumps (data not shown). Thus, Ala-Nap was an appropriate
substrate for use in the assessment of the broad-spectrum
efflux pump inhibitory activities of our lead compounds. It is
also noteworthy that this particular compound apparently is a
very good substrate for the efflux pumps since no help from the
outer membrane was needed to demonstrate an effect of the
efflux pump on its accumulation kinetics.

For the Ala-Nap uptake experiments we used MC-002,595
(Fig. 1), a close analog of MC-207,110 with microbiological
activity similar to that of MC-207,110. MC-207,110 itself was
not used since its own fluorescence interfered with the assay.
Unlike PMBN, MC-002,595 increased the level of uptake of
Ala-Nap in strains overexpressing each of the three efflux
pumps in a dose-dependent manner (Fig. 3B to D).
MC-002,595 also increased the level of uptake of Ala-Nap into
cells of E. coli strain ECM1642, which overproduces AcrAB-
TolC (data not shown). MC-002,595 showed no such effect for
PAM1626 (Fig. 3A) or ECM1668 (AacrAB::Km, data not
shown) or when the pump-overexpressing strains of P. aerugi-
nosa or E. coli were treated with CCCP (data not shown).

MC-207,110 series inhibits efflux of NPN. To evaluate fur-
ther the modes of action of the MC-207,110 series of com-
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FIG. 3. An increase in the rates of fluorescence production due to hydrolysis of MC-055,556 (64 wg/ml) by intact cells of P. aeruginosa
overexpressing Mex pumps is seen in the presence of different concentrations (in micrograms per milliliter, as indicated below each panel) of
MC-002,595, a close analog of MC-207,110. No effect of compound was observed for cells of PAM1626. (A) PAM1626 lacking three Mex pumps;
(B) PAM1723 overexpressing MexAB-OprM; (C) PAM1738 overexpressing MexCD-OptlJ; (D) PAM1753 overexpressing MexEF-OprN.

pounds, we studied the efflux of NPN by E. coli in the presence
of MC-002,595 (to demonstrate an effect with a pump sub-
strate that is structurally very dissimilar). Cells of E. coli either
overexpressing (ECM1642) or lacking (ECM1668) the AcrAB-
TolC efflux pump were treated with CCCP and loaded with
NPN. When bound to the membranes, NPN becomes intensely
fluorescent. Its efflux can be followed in real time as a decay of
fluorescence after energization of the cells. Indeed, after the
addition of glucose, efflux of NPN was observed in the case of
ECM1642. Importantly, when MC-002,595 was added to the
cells prior to the addition of glucose, it inhibited efflux in a
dose-dependent manner (Fig. 4A). In fact, efflux was com-
pletely abolished with the EPI at 128 pg/ml. Apparent non-
complete inhibition is due to the quenching of NPN fluores-
cence by MC-002,595 (Fig. 4B). PMBN, which strongly
increases the level of accumulation of NPN even in the pres-
ence of 1 mM Mg** (data not shown), did not have any effect
on its efflux (data not shown).

MC-207,110 does not affect the proton gradient across the
inner membrane. RND efflux pumps use the energy of the
proton gradient across the inner membrane for drug extrusion:

drug efflux is accompanied by the influx of protons (55). Com-
pounds that disrupt the proton gradient may appear as efflux
pump inhibitors. Therefore, it was important to demonstrate
that the mode of action of MC-207,110 was not based on such
disruption. To assess the effects of MC-207,110 on the proton
gradient we used the method of determining the change in pH
(ApH) based on measurement of the NMR spectrum of inor-
ganic phosphate (*'P), which is a pH-sensitive NMR probe.
This particular method was chosen because many procedures
of measuring ApH rely on the accumulation of pH-sensitive
fluorescent probes [for example, various acridines or 2',7'-bis-
(2-carboxyethyl)-5 (and -6-)-carboxyfluorescein]. Many if not
all of these compounds are substrates of efflux pumps. Conse-
quently, it would be difficult to discriminate between the efflux
pump inhibitory activity of the compound and its effect on the
proton gradient.

The results of the NMR experiment are presented in Fig. 5.
When cells were resuspended in glucose-containing buffer, two
peaks of inorganic phosphate (one corresponding to the inter-
nal pH and another corresponding to the external pH) were
observed, indicating that the membrane was energized and
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FIG. 4. (A) Cells of E. coli ECM1642 overexpressing AcrAB-TolC were treated with CCCP at 100 uM and preloaded with 9 M NPN for 10
min. Extrusion was initiated by the addition of either glucose alone (filled squares) or by the addition of glucose mixed with different concentrations
of MC-002,595 to give final concentrations of 16 to 128 wg/ml. Extrusion is visualized as the decay of NPN fluorescence in the presence of glucose
versus that for the control (no glucose added) (open boxes). MC-002,595 inhibits extrusion of NPN in a dose-dependent manner. (B) Glucose alone
or in combination with 128 pg of MC-002,595 per ml is added to CCCP-treated, NPN-loaded cells of ECM1668 (in which AcrAB-TolC is
nonfunctional) or ECM1642. The similar level of NPN fluorescence in both cell types after MC-002,595 addition indicates complete inhibition of

the AcrAB-TolC-mediated efflux of NPN. a.u., arbitrary units.

able to maintain a pH gradient. When CCCP (0.4 mM) was
added to the cell suspension, only one peak was observed
throughout the experiment (even after 30 min), indicating that
the cells were no longer able to generate a proton gradient
across the inner membrane. At the same time, addition of

Extracellular Phosphorus

Intracellular Phosphory

X

N

T T
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FIG. 5. The pH gradient is visualized as two peaks of the >'P NMR
spectrum corresponding to intracellular and extracellular phosphorus,
respectively. (A) Glucose alone; (B) glucose and MC-207,110 (0.4
mM); (C) glucose and CCCP (0.4 mM). The addition of MC-207,110
did not affect the transmembrane proton gradient.

MC-207,110 (0.4 mM, a concentration that is 10-fold higher
than the EPI’s potentiating concentration) neither abolished
nor altered the magnitude of the pH gradient, as was evident
by the detection of two *'P NMR peaks. The same results were
obtained for MC-002,595 (data not shown). Therefore, the
mode of action of the MC-207,110 series was not based on
deenergization of an efflux pump.

On the basis of the results of the experiments described
above, we concluded that MC-207,110 is indeed an inhibitor of
the Mex pumps from P. aeruginosa and the AcrAB-TolC pump
from E. coli.

MC-207,110 series has an additional mode of action. We
wanted to know whether MC-207,110, besides efflux pump
inhibition, might have an additional mode of action, namely,
the ability to permeabilize the outer membrane. This possibil-
ity appeared to be feasible on the basis of the structure of
MC-207,110, which is a dipeptide amide (41), with two positive
charges at physiological pH (pK,;, ~10.5; pK,,, ~8.0). The
outer membrane-permeabilizing effect of MC-207,110 at a
wide range of concentrations was assessed by examining the
rates of hydrolysis of a chromogenic B-lactam, nitrocefin, by
intact cells of P. aeruginosa. An increased rate of hydrolysis in
intact cells is indicative of increased permeation of nitrocefin
to the periplasmic B-lactamase, since the rate of hydrolysis is
limited by the rate of diffusion across the outer membrane (10,
56). For these experiments we used two strains of P. aerugi-
nosa, PAM2005 and PAM2035. Both strains constitutively pro-
duce the B-lactamase AmpC, encoded by the corresponding
gene normally present in the genome of this bacterium.
PAM?2005 also overproduces the MexAB-OprM efflux pump,
while in PAM2035 this pump is nonfunctional due to inser-
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FIG. 6. The outer membrane-permeabilizing activity of either PMBN or EPI is visualized as an increase in initial rates of nitrocefin hydrolysis
by intact cells of P. aeruginosa in the presence of increasing concentrations (in micrograms per milliliter, as indicated beside each panel) of these
compounds. PMBN was used at 2 to 32 pg/ml, and MC-207,110 was used at 2 to 128 pg/ml. Nitrocefin hydrolysis was monitored over time by
monitoring the increase in absorbance at 490 nm. (A) The effect of PMBN was studied with PAM2005; (B) the effect of MC-207,110 was studied
with PAM2005; (C) the effect of MC-207,110 on intact PAM2035 was studied; (D) the effect of MC-207,110 on CCCP-treated PAM2005 was

studied.

tional inactivation of the gene mex4. PMBN was used as a
positive control, having a strong effect on the outer membrane
permeability of PAM2005 (50% inhibitory concentration, ~8
pg/ml), (Fig. 6A), as well as on that of PAM2035 (data not
shown). In contrast, MC-207,110 did not have a significant
effect on the outer membrane permeability of PAM2005 when
it was tested over a wide concentration range (1 to 128 pg/ml)
(Fig. 6B). However, it increased the permeability of the outer

membrane of PAM2035, which lacks the functional MexAB-
OprM efflux pump (albeit with less potency than PMBN [50%
inhibitory concentration, ~70 pg/ml]), and of that of
PAM?2005 when the strain was treated with CCCP (Fig. 6C and
D). The permeabilizing effects of both PMBN and MC-207,110
were completely abolished by the addition of 1 mM Mg**
(data not shown). Results that were similar both qualitatively
and quantitatively were obtained for MC-002,595 (data not

TABLE 4. Effect of MC-207,110 on susceptibility to levofloxacin in the strains containing the target-based mutations

Levofloxacin MIC (j.g/ml)

with:
Strain Genotype MexAB-OprM
status No MC-207110
addition at 20 pg/ml

PAM1020 Wild type Wild type 0.125 0.008
PAM1548 gyrA (Thr83—lle) Wild type 1 0.125
PAM1032 nalB Overexpressed 2 0.03
PAM1573 nalB gyrA (Thr83—lIle) Overexpressed 8 0.25
PAM1582 nalB gyrA (Thr83—lle) parC (Ser87—Leu) Overexpressed 32 1
PAM1667 mexA-phoA::Tc gyrA (Thr83—lle) parC (Ser87—Leu) Wild type 4 0.25
PAM1609 nalB gyrA (Thr83—lle) parC (Ser87—Leu) gyrA (Asp87—Tyr) Overexpressed 128 4
PAM1669 mexA-phoA::Tc gyrA (Thr83—lle) parC (Ser87—Leu) gyrA (Asp87—Tyr) Wild type 8 1
PAM1619 nalB gyrA (Thr83—lle) parC (Ser87—Leu) X Overexpressed 1,024 32
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FIG. 7. The activity of the combination of MC-207,110 with levofloxacin against 50 clinical isolates of P. aeruginosa was determined with a fixed
concentration of MC-207,110 (10 wg/ml). Open circles, levofloxacin alone; filled circles, levofloxacin in combination with EPI.

shown). In conclusion, it appears that the MC-207,110 series is
capable of altering the permeability of the outer membrane in
P. aeruginosa, but only in the absence of a functional MexAB-
OprM efflux pump.

MC-207,110 enhances the activity of levofloxacin against
laboratory strains with multiple target mutations. We dem-
onstrated previously that the deletion of efflux pump genes
increased susceptibility to fluoroquinolones even in strains
containing mutations in genes encoding the fluoroquinolone
targets gyrAB and parCE (18). Efflux pump inhibitors were
expected to have a similar effect. To test whether this was
indeed the case, the MICs of levofloxacin were determined for
a series of isogenic laboratory mutants in the presence or
absence of MC-207,110 at 20 pg/ml. The results are presented
in Table 4. MC-207,110 enhanced the activity of levofloxacin
against all strains containing a functional efflux pump (in this
case, MexAB-OprM), regardless of the presence of one or
even multiple target mutations. The magnitude of the poten-
tiating effect was determined exclusively by the level of expres-
sion of the MexAB-OprM pump: an 8-fold decrease in the
levofloxacin MIC for all strains expressing the mexAB-oprM
operon at the wild-type level and a 32-fold decrease in the
levofloxacin MIC for those strains overexpressing this operon.

MC-207,110 enhances the activity of levofloxacin against
clinical isolates of P. aeruginosa. Fifty recent strains of P.
aeruginosa for which the levofloxacin MIC range was wide
(0.008 to >128 wg/ml) and that were collected from the United
States, Canada, England, and France were used to determine
whether MC-207,110 enhances the activity of levofloxacin.
MC-207,110 was tested at a fixed concentration of 10 wg/ml.
MC-207,110 decreased both the MIC at which 50% of strains
are inhibited (MICs,) and the MIC,, of levofloxacin by ca.
16-fold (Fig. 7). The nearly parallel character of the curves
constituting the cumulative susceptibility to levofloxacin with
or without MC-207,110 indicates that this compound enhanced
the activity of the antibiotic irrespective of the level of resis-
tance of individual isolates. These results are in good accor-
dance with the data reported above for laboratory mutants
with multiple mechanisms of levofloxacin resistance.

MC-207,110 decreases the emergence of P. aeruginosa
strains with clinically relevant resistance to levofloxacin. We
have previously demonstrated (18) that deletion of known ef-

flux pumps in P. aeruginosa significantly decreased the fre-
quency of emergence of resistant variants when selection with
the deletion mutant was performed with 1 pg of levofloxacin
per ml (strains of P. aeruginosa for which the levofloxacin MIC
is 2 pug/ml or higher are considered to be clinically resistant).
On the basis of these data we have predicted that an efflux
pump inhibitor should also affect the frequency of emergence
of resistant bacteria. To test this prediction we performed
selection experiments by plating cells of wild-type strain
PAM1020 (MIC, 0.125 pg/ml) onto L-agar plates containing
either levofloxacin at 1 wg/ml (eight times the MIC) or levo-
floxacin at 1 pg/ml in combination with MC-207,110 at 20
pg/ml. When the selection was performed with levofloxacin
alone, the frequency of resistant variants was as high as 1077
CFU/ml. However, when MC-207,110 was added to the selec-
tive medium, the frequency of emergence of strains with a
clinically relevant level of resistance was less than 10~ CFU/
ml

DISCUSSION

Inhibition of efflux pumps appears to be an attractive ap-
proach to improvement of the clinical efficacies of antibiotics
that are substrates of such pumps. However, it is important to
properly identify the antibiotics and target bacteria for which
this approach would be the most productive. One should con-
sider the prevalence of efflux-mediated resistance, other mech-
anisms besides efflux that contribute to resistance to a partic-
ular antibiotic, and interactions between different mechanisms
of resistance. For example, inhibition of the transposon-en-
coded macrolide-specific efflux pumps MefA and MefE (4, 45)
from gram-positive bacteria will enhance the efficacies of mac-
rolides, but only against a population of resistant organisms
containing the mef genes. Inhibitors of the predominant trans-
porters TetA and TetB in gram-negative bacteria would re-
verse one type of tetracycline resistance. Such inhibitors have
been identified among certain semisynthetic tetracycline ana-
logs (28, 29). On the other hand, inhibition of a single RND
MDR pump in Haemophilus influenzae that is encoded by a
constitutively expressed housekeeping gene (43) should make
the entire population of bacteria more susceptible to macro-
lides such as azithromycin or clarithromycin.
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In P. aeruginosa, inhibitors of the MexAB-OprM efflux pump
will enhance the activities of a variety of B-lactams (17, 24, 51),
but only in strains that do not express high levels of B-lacta-
mase (22, 25). In this important and clinically refractory or-
ganism, the efflux pump inhibitor approach appears to be par-
ticularly compelling when it is applied to fluoroquinolones.

Constitutively expressed efflux pumps contribute to intrinsic
resistance to fluoroquinolones. The high-level acquired resis-
tance is achieved due to independent contributions by both
increased efflux and target modification. Therefore, efflux
pump inhibitors are expected to enhance the activities of fluo-
roquinolones even against strains with target-based mutations
(18). All of the Mex pumps from P. aeruginosa that confer
resistance to fluoroquinolones belong to the RND family and
are similar at the protein level. Fluoroquinolone pumps from
other gram-negative bacteria also belong to the same family of
transporters. This increases the possibility that a single inhib-
itor might be active against multiple efflux pumps.

In the study described in this report we expanded the char-
acterization of the first inhibitor of multiple RND transporters
from P. aeruginosa, MC-207,110, which was discovered as such
by empiric screening of a small molecule library (41). The
mode of action of efflux pump inhibition of MC-207,110 was
confirmed in a series of microbiological assays. The activity of
MC-207,110 was shown to be synergistic with that of levofloxa-
cin when they were tested either against the wild-type strain or
against strains overexpressing each of the known efflux pumps.
MC-207,110 also potentiated the activities of other antibiotics
that are substrates of the MexAB-OprM pump but did not
potentiate the activities of antibiotics that are not. MC-207,110
did not have significant activity against strains lacking known
efflux pumps. Interestingly, the magnitude of the effect of MC-
207,110 was strongly dependent on the nature of a particular
substrate, perhaps indicating that different antibiotics may
have different binding sites on the pump and that inhibition by
MC-207,110 is binding site specific. The possibility of multiple
substrate binding sites was recently demonstrated for several
MDR pumps (23, 40). According to this interpretation, when
the pump is exposed to MC-207,110, it can still extrude some,
but not all, substrates. Furthermore, MC-207,110 itself may be
efficiently extruded by efflux pumps. Indeed, the Mex pumps
conferred resistance to the weak antibacterial effect of MC-
207,110: 64 or >512 pg of MC-207,110 per ml was needed to
inhibit the growth of triple-pump-deletion strain PAM1626 or
Mex pump-overexpressing strains, respectively (Table 2). It is
noteworthy that many compounds that enhance the activities
of anticancer agents against mammalian cells overexpressing
the MDR pump P-glycoprotein have been shown to be effi-
ciently extruded by this pump (44).

Additional confirmation that the mode of action of the MC-
207,110 series is as an EPI was obtained in accumulation and
efflux assays. The EPI increased the level of accumulation of
the efflux pump substrate Ala-Nap inside cells of P. aeruginosa
and decreased the level of efflux of another substrate, NPN,
out of NPN-loaded cells of E. coli. In both assays, the EPI had
activity only against cells expressing functional efflux pumps.

We have also demonstrated that the MC-207,110 series of
EPIs may have an additional mode of action, namely, perme-
abilization of the outer membrane of P. aeruginosa. However,
this permeabilizing effect of MC-207,110 was seen only for the
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strain of P. aeruginosa that lacked efflux pumps. This result is
consistent with our hypothesis that MC-207,110 is an efflux
pump substrate, whereupon the compound would be extruded
by multicomponent Mex pumps directly into the external me-
dium. Therefore, the active Mex pumps should decrease the
concentration of MC-207,110 in all intracellular compart-
ments, including the cytoplasm, the periplasm, and the outer
membrane. By decreasing the MC-207,110 concentration in
the outer membrane, the pump is expected to protect the
cells from the outer membrane-permeabilizing effect of MC-
207,110. We are exploring techniques that can be used to
measure the efflux of MC-207,110 more directly.

In this report we have also demonstrated the numerous
potential benefits of using MC-207,110 in combination with
levofloxacin against P. aeruginosa. MC-207,110 decreased the
intrinsic level of resistance to levofloxacin ca. 8-fold in the
wild-type strain of P. aeruginosa, while in strains overexpressing
efflux pumps, susceptibility was increased up to 64-fold. As
expected, MC-207,110 potentiated the activity of levofloxacin
irrespective of the presence of target-based mutations.

Recent clinical isolates of P. aeruginosa with a wide range of
resistance phenotypes also showed increased susceptibilities to
levofloxacin in the presence of MC-207,110. Remarkably, both
the MICs, and the MIC,, were decreased to the same extent
(16-fold) by MC-207,110, providing additional evidence that
the effect of MC-207,110 is not dependent on the absolute level
of resistance but, rather, that the magnitude of this effect is
determined only by the level of the efflux pump expression.

A major beneficial consequence of inhibition of multiple
efflux pumps demonstrated in this report was a dramatic de-
crease in the frequency of emergence of P. aeruginosa strains
with clinically relevant levels of resistance to fluoroquinolones.
Resistant mutants for which the levofloxacin MIC was 1 wg/ml
emerged at a frequency less than 107! (versus a resistance
frequency of 1077 in the absence of efflux pump inhibitors).
This result was expected, since MC-207,110 decreases the MIC
of levofloxacin for wild-type strain PAM1020 from 0.125 to
0.015 pg/ml, i.e., to the same level as that for the strain lacking
efflux pumps. As we have demonstrated previously (18), for
bacteria that lack efflux pumps (or in which such pumps are
completely inhibited) to emerge under the selection conditions
(levofloxacin at 1 pg/ml), they must acquire multiple target-
based mutations: a strain that acquired a single target-based
mutation that conferred only a four- to eightfold increase in
resistance could not emerge under the selection conditions.
Therefore, the frequency of emergence of mutants is de-
creased since the simultaneous acquisition of multiple muta-
tions is an extremely rare event. Similar effects have been
demonstrated with reserpine, which is an inhibitor of the efflux
pumps NorA and PmrA from S. aureus and S. pneumoniae,
respectively, that are implicated in intrinsic and acquired re-
sistance to ciprofloxacin (19, 20). Recently, several novel in-
hibitors of NorA have been described and their in vitro activ-
ities have been characterized (21).

From our experience with clinical isolates of P. aeruginosa, it
is evident that besides the utility of EPIs in combination with
antibacterial agents for antibacterial therapy, these compounds
may prove to be very useful for study of the contribution and
prevalence of efflux in acquired and intrinsic resistance to
multiple antibiotics in gram-negative bacteria.
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While initial reports have demonstrated the multifactorial
benefits of the EPI approach in combating drug resistance,
substantial efforts are needed before inhibitors can be used
clinically. Our efforts are focused on the optimization of both
the activities and the pharmacological properties of the MC-
207,110 series of compounds.
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